The dynamic interaction between induced strain piezoelectric (PZT) actuators and their host structures is often ignored in the modeling of intelligent structures. A more realistic investigation of intelligent material systems must account for the dynamic behaviors of integrated actuator/substrate systems. In this paper, a generic method for the dynamic modeling of distributed PZT actuator-driven thin cylindrical shells has been developed using a mechanical impedance approach. The impedance characteristics of a cylinder corresponding to the excitation of a pair of pure bending moments have been developed, from which the dynamic output moments (or forces) of PZT actuators can be accurately predicted. Direct comparisons have been made between a conventional static modeling approach and the impedance method in order to identify the critical differences between these modeling methods for thin cylindrical structures. The case studies demonstrate that the mechanical impedance matching between PZT actuators and host structures has an impact on the output performance of the actuators. The dynamic essence of integrated PZT/substrate systems has thus been revealed.
INTRODUCTION
The use of piezoelectric materials (PZT) as actuators and sensors in intelligent structures has drawn much attention in the active controls community. An accurate mathematical description of integrated PZT/substrate systems is indispensable in the development of practical applications of PZT materials in active vibration control and active structural acoustic control. One investigation devoted to the modeling of actively controlled cylinders was based on the layered shell theory (Tzou, 1989) ; in this study, a completely distinct layer of the piezoelectric material was used to make up a composite cylinder. A more convenient and feasible configuration of PZT actuators in adaptive structures is the use of segmented piezoelectric patches bonded on or embedded in host structures. For the modeling of these PZT actuators locally coupled with shell structures, static approaches have been used to estimate the induced loading. Sonti and Jones (1991) investigated the performance of the controlled cylinder using the piezoactuator control patch and a point force for both on-and off-resonance cases. The output performance of the PZT actuator, however, was not specifically studied. The assumption was made in the modeling that the dimension of the PZT patch in the circumferential direction is kept small relative to the cylinder radius. The curvature effects could then be neglected. The static models developed from thin plate theory (Crawley and Lazarus, 1991; Dimitriadis et al., 1989; Wang and Rogers, 1991) could then be used in smart shell structures. Lester and Lefebvre (1991) applied the same assumption in their study and researched both outof-plane and in-plane piezoelectric actuation for controlling sound radiation and transmission related to vibrating cylinders. It is typically assumed in the static models that the added mass and stiffness of PZT actuators are insignificant.
The dynamic interaction between the PZT actuator and the host structure is ignored. Thus, the input impedance of the actuators and the mechanical impedance of the host structures are not included in the modeling. The static analysis usually leads to the conclusion that the amplitude of the excitation force of the PZT actuator is independent of host structural dynamics and frequency.
A more realistic investigation must account for the dynamic properties of the actuators, the actuators have their own mechanical impedance. When an active force provided by the PZT actuator is applied to a host structure, the PZT itself is driven by the force. Therefore, the mechanical resonance of an integrated PZT/substrate system is the combination of the dynamic behavior of the PZT actuator and that of the actuated structure. Hagood et al. (1990) proposed a dynamic model based on Rayleigh-Ritz energy formulation. The parasite mass and stiffness of the integrated PZT patch was included in the governing equation of the system. The actively controlled cantilevered beam was tested and favorable results were obtained. As the active control force needs to be calculated, the blocking force was used. Liang et al. (1993) used impedance analysis in modeling of a PZT actuator-driven one-degree-of-freedom spring-mass-damping system. The frequency-dependent output performance of the PZT actuator was predicted. Rossi et al. (1993) then applied the impedance approach to model PZT actuator-driven circular rings and performed the experiments for validating the theoretical model. Nevertheless, the previous studies related to the dynamic modeling for shell structures have so far been limited to the one-dimensional systems. For general twodimensional shell structures, the mechanical impedance coupling in different coordinate directions occurs. An extensive investigation is thus highly required.
The current work is focused on analysis of two- 
where the structural impedance Ztk (l,k=x,y) can be derived from classic shell theory and will be developed later; ti and t) need to be solved so that the output force can be quantitatively predicted.
When an external electric field is applied to PZT patches along the polarization direction ( The simply supported thin cylinder used in the case study is made of aluminum and its geometric configuration is shown in Fig. 1 . The material properties of aluminum and PZT (Gl195) are listed in Table I the dynamic interaction between the actuators and host structures, therefore, it gives more accurate prediction of the output moments of induced strain actuators than the conventional static approach. The output moments (or forces) of induced strain actuators are strongly related to the input impedance of the actuators and the mechanical impedance of the host structure, and they are frequency dependent.
When the actuator input impedance levels approach or match with the host structural impedance levels, the dynamic performance of the original shell structure is altered because of the stiffening effect of the integrated PZT actuators. The intensity of the stiffening effect varies with the location and the thickness of the PZT actuators.
